Chronic diseases are the primary cause of mortality worldwide, accounting for 67% of deaths.
health-care problems such as cancer, cardiovascular and neurodegenerative diseases and metabolic, pain, and developmental disorders. Accounting for 50% of all sudden deaths, cardiac arrhythmias constitute a major cause of mortality (Estes 2011 ). One of the major challenges facing the scientific community in their quest to develop novel treatment modalities is the lack of understanding of the exact biological and molecular mechanisms relevant to human diseases that underlie these pathologies whose primary outcome is death or disability. The pivotal finding by Takahashi and Yamanaka (Takahashi and Yamanaka 2006) that human somatic cells (fibroblasts) can be reprogrammed to generate human induced pluripotent stem cells (hiPSCs) was a crucial first step toward exploring mechanisms relevant to human (Fig.1) . For the first time, hiPSCs became a unique tool for studying chronic diseases in depth. Research on human cell replacement therapy has given rise to two major stem cell-based technologies: human embryonic stem cells (hESCs) and hiPSCs (Bongso et al. 1994; Takahashi and Yamanaka 2006; Thomson et al. 1998) , which are invaluable adjuncts for dissecting the complex cellular and molecular events occurring during early human organogenesis. The relative ease with which hiPSCs can be generated from a wide variety of human somatic cells and coaxed to differentiate into various cell types such as neuronal cells and cardiomyocytes has changed the way we study chronic diseases. hiPSCs provide an unlimited supply of healthy and patient-specific derived cells from the same family with the same genetic background. The generation of patient-specific hiPSC-CMs has the advantage to investigate potential disease causing variants in their natural environment. However, hiPSC technology also comes with its own challenges and limitations.
The limited availability of human cardiac tissues, the difficulty in maintaining fully differentiated cardiomyocytes in culture, and the circumstantial biopsy availability are barriers to understanding cardiac pathophysiology. However, reprogrammed fibroblasts obtained directly from individuals with a potential disease-causing mutation can now be used to model the disease (Takahashi et al. 2007 ). Indeed, recent proof-of-principle studies have shown that patientspecific hiPSCs can be successfully differentiated into hiPSC-CMs that reproduce the molecular mechanisms of disorders such as long QT syndrome (Itzhaki et al. 2011; Keller et al. 2003) and Brugada syndrome (Davis et al. 2012) , as well as catecholaminergic polymorphic ventricular tachycardia (Itzhaki et al. 2012 ).
D r a f t
Since hiPSCs capture and retain the genetic background of a patient, they are well suited for developing:
1) Disease models: hiPSCs can be coaxed to differentiate into various cell types, including cardiomyocytes, which as mentioned above are usually available in limited quantities. Postmortem heart tissues are not always available and often embody the end stage of cardiac disease, combining the consequences of the mutation and the consequences of pathological secondary remodeling. On the other hand, murine and rodent models do not fully recapitulate the human phenotype. In addition, molecular pathways in human and rodent tissues can be different (Zimmer et al. 2014 ). In the other hand, murine models do not fully recapitulate the human phenotype. In addition, molecular pathways in human and rodent tissues can be different. For example, when focused only on the example of Na V channels, important differences of Na V channels expression have been demonstrated in mouse when compared to human (Zimmer et al. 2014 ). Since Na V isoforms possess their own biophysical characteristics, changing their balance in the heart could be expected to affect studied parameters (pharmacology, electrical signals, and protein partners). Dissociated mammalian cardiac myocytes however constitute cells coming from an extremely rich and complex environment. Such model potentially represents the closer model to physiological conditions, well suited notably for short term studies on morphological aspects or contractile parameters. Similarly, studies focused on neonatal rodent cardiomyocytes benefit from close physiological conditions. However, when combined to the species specificities, their immaturity (with morphological and functional differences) is a limitation.
Immortalized animal cardiac cells such as HL-1 or H9C2 cells, constitute other models used to study physiological or pathological cardiac mechanisms (Claycomb et al. 1998; Kimes and Brandt 1976) . HL-1 cells were initially presented as spontaneously beating atrial derived from AT-1 cells (cells from an atrial tumor) (Claycomb et al. 1998) . H9C2 quiescent cells derives from rat embryonic heart tissue but are considered as myoblasts since these cells fuse to form multinucleated myotubes as shown in the original publication (Kimes and Brandt 1976) . Even if HL-1 and H9C2 cells can be easily replicated, maintained for very long times, and display electrical properties as same as more or less organized contractile proteins, they necessarily present important limitations due to their animal origin. Furthermore, extensive morphological and functional alterations rapidly occur after cell isolation (Bugaisky and Zak 1989; Viero et al. 2008 ). Such distance with native physiological conditions is thus expected for these D r a f t immortalized cell. This is why disease models using patient-derived hiPSCs are needed to study human diseases pathophysiology. Moretti et al. generated patient-specific hiPSCs from members of a family affected by long-QT syndrome type 1 (LQT1) and induced them to differentiate into hiPSC-CMs. They showed that patient-derived cells recapitulated the electrophysiological characteristics of the disorder (Moretti et al. 2010) , which led to a better understanding of the molecular mechanisms underlying the pathology and a proof-of-concept that validated the relevance of this cellular model.
2) Drug screening: hiPSCs are a superior alternative to conventional toxicology and drug tests.
They are also better suited for safety assessments since they provide a genetic background that recapitulates human physiological conditions, thereby ideal for drug screening. For instance, hiPSCs differentiated into hiPSC-CMs in vitro can be used for cardiac toxicity tests (Rajamohan et al. 2013) . hiPSC-CMs have also been used to study drug-induced QT prolongation (Braam et al. 2010; Raschi and De Ponti 2012) . In addition, screening drugs for toxicity against transformed hiPSC derivatives harboring the same genetic background as the source patients will accelerate the investigational new drug (IND) filing process for clinical trials (Fermini et al. 2016 ). Furthermore, translational applications of hiPSC technology show potential for developing short therapeutic decoy biologics such as small molecule therapeutics, antisense oligonucleotides, and specific antibodies. In addition, hiPSC-CM have recently been made commercially available, which constitutes an easy way to access to hiPSC-CMs, while some issues can still exist. Indeed, commercial hiPSC-CMs are in some cases genetically modified for a purpose of purification or could also be derived from a clone which demonstrated a more efficient differentiation capabilities (Ma et al. 2011) .
3) Disease treatments: hiPSCs offer better hope for the field of regenerative medicine, (tissue replacement, grafts, and cell therapies). A recent study provided evidence that iPSC-CMs transplanted into cynomolgus monkeys (Macaca fascicularis) show no signs of immune rejection and become electrically coupled with host cardiomyocytes (Shiba et al. 2016 ).
However, the authors observed an increase in ventricular arrhythmias in hearts harboring the transplanted iPSC-CMs, suggesting that more studies are required to prevent the unintended outcome, arrhythmias. Transplanted nodal cells derived from hiPSCs may function as biological pacemakers. In this respect, two pilot studies have reported promising results using embryonic stem cell-derived cardiomyocytes (Kehat et al. 2004; Xue et al. 2005) . Lastly, hiPSC cultures D r a f t coupled with genetic editing of mutations using Clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas9 or transcription activator-like effector nucleases (TALENs) technology are opening the way to the development of innovative cell therapies and regenerative medicine (Te Riele et al. 2017 ).
4) Personalized medicine:
hiPSC-CMs are well suited for identifying the responses of several drugs to specific known markers, and may help improve the personalization of treatments. This is of particular importance for cardiac diseases. Prospective evaluations of the most efficient treatment using a patient's own cells are just emerging. Getting deeper in the personalized medicine will however require further studies aimed to demonstrate that genetic modifications and maintenance conditions do not alter the phenotype and usefulness of hiPSCs.
Previous differentiation techniques:
Obtaining cardiomyocytes from stem cells is a daunting challenge. Protocols were initially developed to study stem cells and the physiological processes that occur during the commitment and differentiation of cardiomyocytes (Doetschman et al. 1985; Maltsev et al. 1993) . The very first technique relied on the formation of stem cell aggregates called embryoid bodies (EBs) (Doetschman et al. 1985; Maltsev et al. 1993 ). Many procedures to generate EBs were subsequently developed, including hanging drops, cell spinning, and specifically designed microwells (Fig. 2 , Panel A) (Mohr et al. 2010; Mummery et al. 2012) . hiPSC-CM differentiation using EBs has been used for many years despite several limitations. Since EBs are usually used to initiate the formation of the three germ layers (endoderm, ectoderm, and mesoderm), these protocols provide low levels of hiPSC-CM purity.
This may be due to the presence of diffusional barriers in EBs, which prevent the formation of homogenous concentrations of molecules and compounds near the cells. hiPSC-CM differentiation protocols using EBs have since been refined, and high differentiation efficiencies have been reported (Burridge et al. 2011) , although these protocols still produce tightly packed cells in culture dishes. As such, after several weeks of culture, hiPSC-CMs are often hard to work with because it is difficult to dissociate and isolate the cells. hiPSC-CMs have also been differentiated by co-culturing mouse stem cells with visceral-endoderm-like cells such as END-2 cells (Fig.2 , Panel B) (Mummery et al. 1991) . This technique has since been adapted for the differentiation of human stem cells but, like the EB method, differentiation efficiency is poor and cell clusters often need to be micro-dissected and re-plated before use (Mummery et al. 2003) .
The co-culture technique may be suitable for early differentiation tests since it only requires a few cells and can be performed using feeder-cultured stem cells (Mummery et al. 2012 ).
However, this technique is rarely used due to major drawbacks.
Currently used differentiation technique: Although the differentiation techniques described above are still in use, they have been largely replaced by the more recent monolayer differentiation method (Fig. 2, Panel C) (Burridge et al. 2014; Denning et al. 2016; Lian et al. 2013; Moreau et al. 2017) , which relies on the differentiation of single cell passaged hiPSCs that eventually form a more or less confluent 2D cells layer. This method seems to be a refined and more user-friendly hiPSC culture technique. Although hiPSCs were initially cultured on feeder cells, with daily changes of homemade medium or MEF conditioned medium, major R&D investments resulted in the commercialization of more convenient culture products. hiPSCs are now usually cultured in feeder-free conditions using commercial media and are often single cell passaged, meaning that the daily cleaning of hiPSC cultures is no longer required. 2D cultures also ensure homogenous exposure to the small molecules and compounds required for the differentiation process, ensuring a more uniform and reproducible differentiation of hiPSC-CMs.
After a pre-differentiation step (usually ranging from 3 to 5 days) consisting of single cell passaging and plating of hiPSCs, differentiation is initiated. This differentiation process is based on the modulation of the Wnt pathway to drive hiPSCs toward mesodermal specification and then to cardiomyocyte differentiation (Burridge et al. 2014; Denning et al. 2016; Kadari et al. 2015; Lian et al. 2012; Lian et al. 2013) . Although several factors have been reported to modulate differentiation into cardiomyocytes, the Wnt pathway appears to be an important player throughout the process (Burridge et al. 2012) . Early differentiation steps require Wnt activation to obtain mesodermal cells. However, Wnt must be inhibited later in the process to allow the generation of cardiac progenitors. The culture media used in these protocols are insulin-depleted since insulin inhibits early mesodermal specification. There are two main approaches for modulating the Wnt pathway: (1) the addition of factors such as BMP4, FGF2, activating A, or ascorbic acid to the medium; and (2) the addition of small molecules such as CHIR99021, Wnt-C59, IPW2, or IPW4 (Denning et al. 2016) . Although both approaches modulate the Wnt pathway and lead to identical hiPSC-CM differentiation, small molecules are less expensive, slightly more efficient, and generate more reproducible results (Denning et al. D r a f t 2016; Lian et al. 2012) . This protocol generates a contractile monolayer that initiates beating after 7 days in culture. Since the cells form a 2D structure, the hiPSC-CMs are easier to work with compared to the 3D structure formed using EB techniques. A simple enrichment process based on a glucose-depleted medium supplemented with lactate has also been developed (Kadari et al. 2015; Tohyama et al. 2013 ). The differentiation efficiency using this protocol (with or without enrichment) ranges from 70 to 90% (Burridge et al. 2014; Denning et al. 2016; Hinson et al. 2015; Lian et al. 2012; Lian et al. 2013) . The 2D structure also avoids the need to microdissect beating areas and provides more cells that can be maintained in culture for several months (Bedada et al. 2014 ). Producing such high differentiation efficiencies using a relatively simple procedure has completely changed the way hiPSCs are handled and has opened the way for more extensive use of hiPSC-CMs. However, it is important to remember that each hiPSC line or clone must be fine-tuned prior to differentiation. Even if these protocols become more accessible, the maintenance, differentiation, and handling of hiPSCs remain complicated and require a great deal of experience.
hiPSC-CM populations: As mentioned earlier, several different differentiation protocols are commonly used to differentiate hiPSC-CMs (Burridge et al. 2014) . Except for the monolayer process, hiPSC-CM differentiation is usually not very efficient and does not generate large numbers of cardiomyocytes (Mummery et al. 2012 ). Since only 20 to 40% of cells are hiPSCCMs, the remaining 60 to 80% are considered as "contaminant" cells. These differentiation protocols are not designed to specifically enhance mesoderm specification and cardiomyocyte production. They thus result in the generation of many different cell types from the endoderm and the ectoderm (Doetschman et al. 1985) . In addition, beating hiPSC-CM clusters need to be micro-dissected, making the experimental procedure more difficult and time-consuming (Moretti et al. 2010 ). On the other hand, the monolayer-based differentiation technique often results in high differentiation efficiencies ranging from 60 to more than 90% (Burridge et al. 2014; Denning et al. 2016; Hinson et al. 2015; Lian et al. 2012; Lian et al. 2013 ). This technique relies on mesoderm specification, limiting the sources of "contaminant" cells and resulting in a more homogenous cell population.
Given the diversity of cardiac cells types, studies on hiPSC-CM differentiation have shown that nodal-, atrial-, and ventricular-like cells can all be generated (Fig. 3) (Bett et al. 2013 ; Burridge D r a f t Lian et al. 2012; Ma et al. 2011; N. Sun et al. 2012; Yechikov et al. 2016) , although ventricular-like hiPSC-CMs usually predominate (Burridge et al. 2014; Lian et al. 2012; Yechikov et al. 2016) . Specific cardiac cells subtype diversity has also been reported to evolve throughout the differentiation process. The ratio of nodal-, atrial-, and ventricular-like cells appears to be balanced during early differentiation, while ventricular-like cells predominate in older cell cultures (Burridge et al. 2014; Lian et al. 2012; Yechikov et al. 2016) . It is important to note that there is no consensus regarding the classification of hiPSC-CMs into subtypes. Indeed, Du et al. recently proposed that differences in action potential characteristics do not depend on cardiac chamber specificity but rather on the density of the plated hiPSC-CMs (Du, Hellen, Kane, and Terracciano, 2015) . They also published a comment to the editor questioning the existence of different chamber-specific hiPSC-CMs (Kane, Du, Hellen, and Terracciano, 2016 ).
However, a very elegant recent study that combined electrophysiology, single cell RT-PCR, and optical action potential recordings showed that action potential characteristics are related to the expression of ventricular-, atrial-, and nodal-specific markers (Chen et al. 2016 ). Chen et al.
notably used a fluorescent voltage sensor domain driven by chamber-specific promoters such as the myosin-light chain 2v (mlc2v, for ventricular cells), sarcolipin (SLN, for atrial cells), and short stature homeobox 2 (SHOX2, for nodal cells) to verify whether the voltage sensor domain is expressed in the appropriate cell subtypes. They then compared action potential characteristics and specific cardiac chamber markers using single cell PCR. While this does not constitute definitive proof, this study clearly showed that cardiac chamber-specific hiPSC-CM subtypes do exist (Chen et al. 2016) . However, given the varied action potential morphologies and characteristics, appropriate and robust methods to compare chamber-specific hiPSC-CM subtypes are required. Indeed, when plated at the same density, different hiPSC-CMs (controls and patient-specific, for example) may still display differences in their action potential to objectively analyze hiPSC-CM clusters (Fig. 4) . Other similar objectives and automated frameworks have been developed to separate hiPSC-CM populations into clusters (Gorospe et al. 2014 ). These approaches make it possible to analyze several clusters of cells at the same time based on the input parameters. Cluster numbers and types can then be attributed to cardiac-D r a f t specific chambers. Although such extrapolations rely on subjective interpretations, this does not invalidate the comparison of action potentials.
Lastly, inducing cardiac chamber-specific differentiation or efficiently sorting specific hiPSC-CM subtypes are two other ways to avoid heterogeneous hiPSC-CM populations and eliminate "contaminant" cells that can bias results. Cell sorting is used in immunofluorescence studies where, for example, mlc2v, mlc2a, and HCN4 are often employed as ventricular-, atrial-, and nodal-specific markers, respectively (Chen et al. 2016; Moreau et al. 2017 ). However, this approach is terminal in that the cells are fixed and permeabilized, precluding further functional work. A second approach involves genetic modifications to drive the expression of a fluorescent protein under the control of a chamber-specific marker . Although this approach is efficient and the cells can be subsequently sorted, it requires major genetic modifications that prevent its use on a regular basis. A third and simpler approach involves the surface expression of chamber-specific markers such as K v 1.5 and K ir 3.1/3.4 (atrial markers), HCN4 (ventricular marker), or CD166 (nodal marker), which are used to identify and sort a particular cell subtype. However, specific surface markers are not available for all chamberspecific subtypes. A fourth approach involves directed differentiation for generating specific cardiac-chamber cell subtypes. Several studies based on the use of hESCs rather than hiPSCs have shown that it is possible to specifically differentiate atrial-like cardiomyocytes using retinoic acid (Birket et al. 2015; Devalla et al. 2015; Zhang et al. 2011 ). Other studies have generated mostly ventricular-like cardiomyocytes while others have shown that the modulation of the neuregulin-1β/endothelin (NRB1β/ErbB) pathway in hESCs promotes the formation of nodal-like cardiomyocytes (Zhu et al. 2010) . These experimental approaches have also made it possible to work with cardiac Purkinje cells. Usually, only ~2% of cardiomyocytes derived from hiPSCs are considered to be Purkinje cells based on contactin2 expression .
However, modulating cAMP levels raises the proportion of Purkinje cells to ~20% (Tsai et al. 2015) .
hiPSC-CM maturation:
The hiPSC-CM maturation process is an important step following the initiation of hiPSC-CM differentiation and before carrying out experiments. Once differentiated, hiPSC-CMs can be kept in culture for several months (Bedada et al. 2014; Kamakura et al. 2013 ). During differentiation, hiPSC-CMs rapidly express contractile proteins (Fig. 5) , but the D r a f t cells undergo important morphological and functional changes. Action potential morphology is one of the markers attesting to these changes. Several studies have reported that action potential diversity is modified by the time spent in culture and that shorter action potentials tend to make way for longer action potentials with longer culture time (Burridge et al. 2014) . The β-adrenergic stimulation pathway also undergoes major modifications during the differentiation process (Jung et al. 2016 ). Longer culture times are known to greatly improve the morphology and function of hiPSC-CMs (Kamakura et al. 2013; Lundy et al. 2013 ). Lundy et al. reported that hiPSC-CM circularity decreases with aging and is accompanied by an increase in myofibril density and organization (Lundy et al. 2013) . While the myofibrillar M-band is usually not observed in hiPSC-CMs, Kamakura et al. reported that it can take up to one year to observe these structures in some hiPSC-CMs (Kamakura et al. 2013) . With aging, action potentials display a faster depolarization slope, a hyperpolarized maximum diastolic potential, and an increased amplitude while the spontaneous beating rate of hiPSC-CMs decreases. Aging also increases the contractile performance of hiPSC-CMs (Lundy et al. 2013 ). These characteristics are usually indicative of a good maturation process, with cells evolving toward an adult cardiomyocyte phenotype. It is however, important to point out that even though hiPSC-CMs are often characterized as immature cells with fetal or neonatal cardiomyocyte properties, their real maturation stage remains unknown. Since these cells are generated in vitro, it is difficult to attribute a specific maturation stage to them. It is also possible that their properties are unique, and that their exact maturation stage cannot be determined in physiological conditions. However, it is important to study and describe them as precisely as possible in order to assess their relevance as a cellular model. For example, while action potentials can be recorded from hiPSC-CMs, some ion conductances differ from those of native cardiomyocytes. For example, K ir channel expression is lower in hiPSC-CMs than in native cardiac cells (Bett et al. 2013; Denning et al. 2016 ). This could explain the more depolarized resting membrane potential since K ir channels mediate the I K1 currents that are responsible for the late repolarization phase and the setting of the resting membrane potential (Denning et al. 2016; Fermini et al. 2016; Sun and Nunes 2016) . Increased expression of K ir channels also affects beating automaticity, promoting a quiescent state (Lieu et al. 2013; Vaidyanathan et al. 2016) . Furthermore, hiPSC-CM action potentials display a slower depolarization phase than those of native cardiomyocytes while hiPSC-CMs robustly express sodium channels, with densities similar to native cardiomyocytes (Denning et al. 2016; Ma et al. D r a f t 2011; Moreau et al. 2017) . The lower dV/dT can also be explained by a partial lack of an I K1 current and the associated depolarized resting membrane potential, which inactivates a fraction of Na V channels. There are also potential differences between the Na V channels of hiPSC-CMs and native cardiomyocytes. In addition to a strong (dominant) expression of cardiac-specific Na V 1.5 channels, hiPSC-CMs also express neuronal Na V 1.7 channels, which likely account for the fraction of tetrodotoxin-sensitive Na + currents in hiPSC-CMs (Moreau et al. 2017 ).
hiPSC-CMs clearly possess characteristics that differ from native human cardiac myocytes. To minimize these differences, many maturation procedures have been proposed (Denning et al. 2016; Ribeiro et al. 2015; Sun and Nunes 2016; Veerman et al. 2015) . These procedures include aging, electrical stimulations, applied stretching, the use of chemical compounds, co-culturing with non-cardiac cells, overexpressing cardiac proteins, and modulating the cell support/matrix (3D support, micro-patterning, stiffness) (Veerman et al. 2015) . Improvements to the maturation status of hiPSC-CMs depend on the method used. Studies rarely describe potential benefits for all major characteristics (morphology, electrical signals, and contractility). This might be due to the fact that the human heart is a rich and complex environment difficult to reproduce in vitro.
The maturation status can be further improved when several techniques such as biological wires and electrical stimulations are combined (Sun and Nunes, 2016) . Unfortunately, there is no consensus on an optimal maturation process. The methods are often costly and difficult to apply routinely to large numbers of hiPSC-CMs. In addition, hiPSC-CMs are mainly used to model diseases and to better understand the molecular mechanisms involved. A balance between the maturation status and the ability to work with the cells should be forthcoming in the near future.
Several maturation procedures lead to tightly packed hiPSC-CMs, resulting in cells that are difficult to dissociate. Culturing hiPSC-CMs with non-cardiac cells to mimic a physiological environment would be a more natural way of promoting or inducing maturation. In addition to efforts to fine-tune the maturation process to obtain the required proportions of different cells, major efforts are being made to enhance the purity of hiPSC-CMs. It should also be remembered that the addition of non-cardiac "contaminant" cells, even if controlled, might lead to unanticipated problems. Current research projects should, however, focus on the strengths of hiPSC-CMs while acknowledging the associated pitfalls in order to leverage the full benefit offered by hiPSC-CMs.
Conclusions
Lastly, despite the immature features described above, hiPSC-CMs remain the most relevant model for studying human cardiomyocytes and related pathologies. 
